Amphibacillus xylanus EpOl, a facultative anaerobe we recently isolated, shows rapid aerobic growth even though it lacks a respiratory pathway. Thus, the oxidative consumption of NADH, produced during glycolysis and pyruvate oxidation, should be especially important for maintenance of intracellular redox balance in this bacterium. We purified a flavoprotein functional as NADH oxidase from aerobically growing A. xylanus EpOl.
We recently isolated a new group of facultatively anaerobic bacteria from an alkaline compost which have unique phenotypic and chemotaxonomic characteristics (17) , as well as bioenergetic properties (10) . The isolates were then recognized to belong to an new taxon and named Amphibacillus xylanus (16) .
In aerobic and facultatively anaerobic bacterial cells having a respiratory pathway, most of the NADH produced through glycolysis and the tricarboxylic acid cycle is effectively utilized to generate biological energy by the respiratory chain. A. xylanus, lacking a respiratory system, grows well and has the same growth rate and cell yield under strictly anaerobic conditions and aerobic conditions with shaking (16) . This growth characteristic of A. xylanus appears to be due to the presence of pathways that function under both anaerobic and aerobic conditions and produce similar amounts of ATP; NADH produced anaerobically through glycolysis is reoxidized by NAD-linked aldehyde dehydrogenase and NAD-linked alcohol dehydrogenase (15) . Under aerobic conditions, the high NADH oxidase activity which is detected in a cell extract should be responsible for maintenance of the intracellular redox balance and thus assuring fast aerobic growth by consuming NADH (15) .
* Corresponding author.
NADH oxidase is found in several microorganisms (7, 12, 18, 23) and has been purified from six bacterial species (5, 9, 20, 22, 26, 29) . There are two types of NADH oxidase: H20-forming NADH oxidase and H202-forming NADH oxidase. Ahmed and Claiborne (1, 2) and Ross and Claiborne (24) presented the sequence and a mechanism for the H20-forming NADH oxidase from Streptococcus faecalis. Park et al. have described the sequence of the H202-forming NADH oxidase from Thermus thermophilus (19) . The sequence of H20-forming NADH oxidase from Streptococcus faecalis showed 44% identity to that of streptococcal NADH peroxidase and also limited but significant homology to those of flavoprotein disulfide reductases (24) . In contrast, no significant sequence homology was found so far between thermal H202-forming NADH oxidase and other proteins. In this report, we describe the purification and characterization of a flavoprotein functional as the H202-forming NADH oxidase from A. xylanus EpOl and the cloning of its gene. The relationships between this enzyme and other NADH-specific oxidoreductases are also discussed on the basis of comparison of the deduced amino acid sequences.
MATERIALS AND METHODS
Strains and culture conditions. A. xylanus EpO1 was grown aerobically at 39°C in glucose-containing medium as described 7945 on September 30, 2017 by guest http://jb.asm.org/ Downloaded from previously (16) . Cells were harvested after 7 h of cultivation (early stationary phase) by centrifugation, washed with 30 mM sodium carbonate-sodium bicarbonate buffer, pH 9.3, and then stored at -80°C until use.
Escherichia coli K-12 N4830-1 [his ilv galK (X Bam N+ c1857)] was used as the host strain for plasmid pPL-lambda (Pharmacia LKB Biotechnology Inc.). HB101 (supE44 hsdS20(rB -mB -) recA13 ara-14proA2 lacY] ga/K2 rsL20 xyl-5 mtl-1) was the host for pBR322, pUC18, and pUC19. E. coli cells were grown at 37°C in LB broth (13) .
Enzyme assay and protein determination. NADH oxidase activity was assayed at 38°C in 1 ml of air-saturated 50 mM sodium phosphate buffer, pH 6.6, containing 0.15 mM NADH and 0.5 mM EDTA. The reaction was started by adding the enzyme, and the decrease in A340 was monitored with a Beckman DU-70 spectrophotometer. One unit of activity was defined as the amount of protein required to catalyze the conversion of 1 pimol of NADH to NAD per min at 38°C. Oxygen consumption by the enzyme was determined under the same conditions with a Clark oxygen electrode (model 5331; Yellow Springs Instruments Co., Yellow Springs, Ohio). One unit of activity was defined as the amount of protein required to catalyze the conversion of 1 pumol of oxygen to hydrogen peroxide per min at 38°C.
Enzyme purification. The A. xylanus flavoprotein functional as NADH oxidase was purified at 4°C. Approximately 40 g of packed cells was resuspended in 90 ml of 50 mM sodium phosphate buffer (pH 7.5) containing 10 mM EDTA and then disrupted by two passages through a French pressure cell at 20,000 lb/in2. Phenylmethanesulfonate (1.5 mM) was added immediately after the first passage through the French pressure cell. The clear supernatant obtained on centrifugation (187,000 x g, 90 min) was treated with streptomycin sulfate to remove nucleic acids. After centrifugation (31,000 x g, 30 min), the supernatant was fractionated by the addition of solid ammonium sulfate in steps (25 to 50% saturation). The precipitate was dissolved in 10 mM sodium phosphate buffer (pH 7.7) containing 5 mM EDTA and then dialyzed against the same buffer containing ammonium sulfate at 23% saturation. The enzyme solution was applied to a butyl-Toyopearl 650S column (2.5 by 37 cm) that was eluted with a linear gradient (23 to 0% saturation) of ammonium sulfate solution in 10 mM sodium phosphate buffer (pH 7.7) containing 5 mM EDTA. The active fractions were collected and dialyzed against 50 mM sodium phosphate buffer (pH 6.5) containing 5 mM EDTA. The solution was then applied to a DEAE-Toyopearl 650S column (3.5 by 27 cm) that was eluted with a linear gradient of 70 to 110 mM NaCl. The recovered enzyme solution was subjected to polyacrylamide gel electrophoresis (PAGE) in Laemmli's buffer system without a detergent (11) . The enzyme was extracted electrophoretically from the gel by using the Max-yield NP (Atto, Tokyo, Japan). The purity and molecular weight of the enzyme were determined by sodium dodecyl sulfate (SDS)-PAGE by the method of Laemmli (11) .
Western blotting (immunoblotting). A rabbit polyclonal antiflavoprotein antibody was prepared. Enzymes were subjected to SDS-PAGE (10% polyacrylamide) and then transferred to a nitrocellulose filter, which was then soaked in blocking buffer (10 Other protein analyses. Sequential Edman degradation of the flavoprotein was performed with a gas-phase protein sequencer (model 470A; Applied Biosystems, Inc., Foster City, Calif.), and the resulting phenyl thiohydantoin derivatives were identified with a phenylthiohydantoin amino acid analyzer (model 120A; Applied Biosystems).
After performic acid oxidation, the samples were hydrolyzed with 6 N HCl in vacuo for 24 h at 110°C. The amino acid composition of the hydrolysate was analyzed with an amino acid analyzer (model L-8500; Hitachi Inc., Tokyo, Japan). The molecular weight of the native flavoprotein was determined under nondenaturing conditions by gel filtration on a Du Pont GF-450 column (9.4 by 25 cm) in a HPLC.
The isoelectric point of the flavoprotein was determined by the tube gel method (14) , with isoelectric point standards from Pharmacia LKB.
Cloning of the flavoprotein gene. A. xylanus EpOl chromosomal DNA was isolated principally by the method of Saito and Miura (27) . The DNA was partially digested with Alu/, and then the ends of the fragments were treated with BAL 31 nuclease briefly in order to randomize the reading frames. DNA fragments 1 to 4 kb long were recovered after size fractionation by agarose gel electrophoresis, ligated with a HpaI-digested vector, pPL-lambda, and then introduced into E. coli N4830-1. The plasmid DNA was isolated principally by the alkaline lysis method (4). The transformants, grown on nitrocellulose filters on agar plates at 30°C for 20 h, were incubated at 42°C for 3 h and then lysed with chloroform vapor. The filters, which bound the total cellular proteins of the transformants, were treated with the flavoprotein antibody by the method described in "Western blotting (immunoblotting)" above in order to detect the transformants expressing the flavoprotein-derived peptides. Five positive clones were obtained, and a recombinant plasmid, pPL13, was isolated from the clone with the strongest signal of the five.
Since only part of the enzyme gene should be fused to the N-terminal part of the lambda N gene in plasmid pPL13, a longer A. xylanus DNA fragment was then obtained by Southern hybridization (13) with the 1.7-kb HindIII A. xylanus fragment of pPL13 as the probe. A 9-kb EcoRI fragment, possibly containing the entire gene, was recovered from the electrophoretic agarose gel, ligated with pBR322, and then introduced into E. coli HB101. The recombinant clones were isolated by colony hybridization (13) with the above HindIII fragment as the probe.
After the identification of a recombinant plasmid containing the complete gene, several restriction fragments were isolated from it and subcloned into pUC18 or pUC19, and the resultant fragments were directly sequenced by the dideoxy chain termination method (28) . oxidases (9) , since its activity was unaffected by repeated freezing and thawing, and nearly 80% activity remained after incubation at 55°C for 40 min. Its optimum pH was between 6.0 and 7.0 at 30 to 40°C (data not shown). The addition of EDTA (1 mM), NaN3 (1 mM), or KCN (1 mM) had no effect on enzyme activity, excluding the possible involvement of a respiratory NADH dehydrogenase system. As for thiol reagents, iodoacetate (1 mM) and 5,5'-dithiobis-(2-nitrobenzoate) (1 mM) had no effect. Fifty-percent inhibition was observed with 1 mM quinacrine, an inhibitor of flavin enzymes.
Reaction and substrate specificities. The purified enzyme consumed oxygen, depending on the concentration of NADH added. On the other hand, the addition of catalase to the reaction mixture resulted in the production of oxygen, the amount of which was equivalent to half that consumed without catalase (Fig. 3) . These results indicate that the enzyme consumes oxygen to produce hydrogen peroxide.
Two types of NADH oxidase, H202-and H20-forming, have been found so far in bacterial soluble fractions. The former type of enzyme has been isolated from three aerobic bacterial species having catalase (5, 20, 26) , and the latter type has been isolated from two facultative anaerobic species lacking catalase (9, 29) . Notably, the A. xylanus enzyme belongs to the former type, despite the facultatively anaerobic nature of bacteria lacking catalase.
The enzyme exhibited no activity toward ac-or P-NADPH, and the activity with a-NADH was 46% that with 1-NADH, suggesting that ,B-NADH is a natural electron donor of this enzyme. The Km value, 20 ,uM, for r-NADH under atmospheric conditions was low compared with those of other NADH oxidases studied so far, except for that of a thermophilic bacterium (20) . Most of the 3-NADH produced through glycolysis and the tricarboxylic acid cycle is consumed for respiratory metabolism in aerobic bacteria. In contrast, in A. xylanus, which lacks a respiratory pathway, the enzyme should Oxygen consumption during NADH oxidase catalysis. The reaction mixture (2 ml) contained 50 mM sodium phosphate buffer (pH 7.0), including 0.5 mM EDTA, and 11 .g of the enzyme. The reaction was started by the addition of 1 (Fig. 4) . Southern hybridization of the A. xylanus DNA further suggested that a 9-kb EcoRI fragment contains the entire gene (data not shown). This 9-kb EcoRI fragment was identified by colony hybridization screening and cloned into pBR322 to give rise to a new recombinant plasmid, pLB5 (Fig. 4) .
The total soluble proteins extracted from E. coli cells harboring pLB5 gave a 56,000-Da band on Western blot analysis with the antiflavoprotein antibody (data not shown), implying that the 9-kb EcoRI fragment expressed the gene encoding this enzyme in E. coli cells. In fact, nucleotide sequencing revealed an open reading frame (ORF), which starts with an amino acid sequence identical to that determined chemically (Fig. 5) . The amino acids, whose composition shows good agreement with that determined chemically (data not shown). The calculated molecular weight, 54,977, is consistent with the value estimated by SDS-PAGE, 56,000.
AE-E-G-G--G---E--E----(Loop)-E-fO
The ORF is immediately preceded by a typical ribosomal binding site, AAGGAG (Shine-Dalgarno sequence), and possible -35 and -10 sequences for the promoter are also found between nucleotide positions -166 and -136 upstream of the ORF (Fig. 5) . A long inverted repeat with a T tract in the 3' region of the ORF should be the p-independent transcriptional termination signal (Fig. 5 ).
Sequence comparison with other NAD(P)H-specific oxidoreductases. Based on comparison of three-dimensional protein structures, a fingerprint motif was proposed for the ADP-binding Po.3-fold (Fig. 6) (6, 31) (6) . The segment containing amino acids 469 to 479 of the A. xylanus enzyme is similar to this conserved sequence, and thus a second binding site for FAD is suggested.
The amino acid sequence of the A. xylanus flavoprotein exhibited sequence identities as high as 51.2 and 72.5% to the alkyl hydroperoxide reductase F52a protein component from Salmonella typhimurium (Fig. 7) (8, 30) and the NADH dehydrogenase from an alkalophilic Bacillus sp. (Fig. 7) (32) , respectively. In contrast, the C-terminal two-thirds of A. xylanus flavoprotein containing the ADP-binding sites (two cx3 folds) exhibited 22.5% sequence identity to NADH oxidases from Streptococcus faecalis (24) , and no identity to NADH oxidase from Thermus thermophilus (19) . Although the E. coli thioredoxin reductase showed limited sequence similarity (32.1%) in an 105-amino-acid segment containing the ADPbinding sites (25) , other NAD(P)H-specific oxidoreductases showed almost no identity to the A. xylanus enzyme.
The flavoprotein we have isolated from A. xylanus should function as a NADH oxidase in the cell. Although the enzyme was thought to have no relation to the respiratory chain and alkyl hydroperoxide reduction, high sequence similarities were found among the flavoprotein, alkyl hydroperoxide reductase, and NADH dehydrogenase. All three enzymes, containing FAD as a prosthetic group, can catalyze electron transfer from NADH to a typical electron acceptor of NADH dehydrogenase (8) , and also have two ADP-binding folds, the Eggink fingerprint for FAD binding and disulfides in similar positions along the sequences. The above findings suggest that their reaction mechanisms are similar. NADH dehydrogenase shows especially high sequence identity to the flavoprotein from A. xylanus. Bacillus spp., having a respiratory chain, grow well under aerobic conditions, while Amphibacillus spp., having no respiratory chain, grow equally well under both aerobic and anaerobic conditions (16) . As a result, these two genera are classified differently; Salmonella spp. are gram-negative organisms and are taxonomically distant from gram-positive organisms such as Bacillus spp. and Amphibacillus spp. However, the present findings suggest that the flavoprotein, the NADH dehydrogenase, and the alkyl hydroperoxide reductase have diverged rather recently. One area of future investigation must be determining the changes in protein structure that resulted in altered specificities to electron donors. 
